Objective: To evaluate the long-term benefit and safety of everolimus for the treatment of medically refractory epilepsy in patients with tuberous sclerosis complex (TSC).
More than 80% of individuals with tuberous sclerosis complex (TSC) develop epilepsy, usually within the first year of life. 1 Epilepsy in an estimated third of these individuals is refractory to conventional anticonvulsant medications, 2 heightening the urgency for development of effective treatments. TSC1 and TSC2, the causative genes for TSC, regulate the protein kinase mammalian target of rapamycin complex 1 (mTORC1). Pharmacologic inhibitors of mTORC1 are now approved to treat multiple clinical aspects of TSC, including subependymal giant cell astrocytomas (SEGA), 3, 4 renal angiomyolipomas, 5 and pulmonary lymphangioleiomyomatosis. 6 mTORC1 inhibitors also have been reported to be effective for treatment of topical angiofibromas and cardiac rhabdomyomas in TSC. 7, 8 Preclinical studies in TSC mouse models demonstrate that mTORC1 inhibitors effectively prevent seizures. 9, 10 TSC patients in early (open-label) clinical trials to treat SEGA with everolimus reported reduced frequency of daily seizures and increased rates of seizure freedom, 4, [11] [12] [13] but seizure benefit could not be demonstrated in more recent (placebo-controlled, randomized) phase III SEGA clinical trials. 3 Therefore, clinical trials to directly assess the safety and benefit of everolimus treatment of epilepsy, independent of SEGA, are needed.
Previously, we reported that everolimus treatment for as little as 12 weeks is welltolerated, reduces seizure frequency, and improves behavior and quality of life in patients with TSC with medically refractory epilepsy. 14 Subsequent studies have yielded similar results. 15, 16 Epilepsy is a disabling, longer-term manifestation of TSC, yet long-term outcomes have yet to be assessed. Here we report the 4-year, final analysis of the first prospective human clinical trial for patients with TSC with refractory epilepsy treated with everolimus.
METHODS Study design and procedures. The design of our prospective, nonrandomized, open-label study has been described previously. 14 To be eligible for participation, participants were at least 2 years of age, with a confirmed diagnosis of TSC, 17 and averaging 2 or more seizures per week in the month prior to enrollment despite being adequately trialed on at least 2 approved anticonvulsant therapies. Prior treatment with an mTOR inhibitor was not allowed.
The initial phase (main study) consisted of 16 weeks, divided into 4 weeks baseline observation prior to initiating treatment with everolimus, followed by a 12-week treatment period where everolimus was titrated to target ranges for 4 weeks followed by maintenance therapy for an additional 8 weeks. Based on seizure diaries, patients demonstrating benefit and tolerability during the main study were eligible to continue treatment up to an additional 48 months. Participants began treatment with everolimus between May 2010 and August 2011, with the last participant completing treatment in December 2015.
Everolimus was initiated at 5 mg/m 2 /d, rounded to the nearest 2.5 milligram, and dosed once daily. A blood trough level was measured 2 and 4 weeks after initiation, and adjusted for a target range between 5 and 15 ng/mL. During the extension phase, everolimus blood trough levels were measured every 3 months. Participants experiencing significant side effects or demonstrated benefit at doses lower than the target range could continue lower dosing at clinician discretion. Everolimus treatment during extension continued as long as no significant toxicity occurred and benefit was demonstrated at least 1 of every 3 months prior to scheduled quarterly assessments.
During the initial 4-week observation, 4-week titration, and 8-week maintenance treatment periods, concurrent anticonvulsant treatments were not allowed to change. Rescue medication use was monitored and if used more than 7 days cumulatively during any month, the participant was considered treatment failure and exited from the study. During the extension phase, clinicians could adjust concurrent seizure medications and treatments, with the rationale that patients with improved seizure control resulting from everolimus treatment could potentially reduce/wean therapies no longer needed. Furthermore, we anticipated that dosage/medication adjustments over the 4-year extension treatment phase were likely to be clinically necessary as a result of patient growth, changes in comorbid medical conditions, hormonal changes, or illness.
Seizure frequency was evaluated using patient diaries capturing seizure description and number of occurrences daily. Seizure diaries alone were used to determine eligibility to enter the extension phase and continue everolimus treatment up to an additional 48 months. Loss of efficacy was defined as ,25% reduction in seizure frequency for 3 consecutive months of treatment with everolimus. In the final analysis, events recorded in seizure diaries found later be nonepileptic in etiology when 24-hour video EEGs were analyzed were not counted in determining seizure frequency at baseline or follow-up or to classify participants as responders ($50% reduction in seizure frequency), partial responders (25%-49% reduction), or nonresponders (,25% reduction) in the final analysis.
Endpoints. The primary efficacy endpoint was the percentage of patients demonstrating clinical response, defined as a 50% or greater reduction in seizure frequency compared to the pretreatment 4-week observation period (responders). Secondary efficacy endpoints included the relative reduction in number of seizures. Quality of life and behavioral assessments were performed every 6 months during the extension phase, using the Quality of Life for Children with Epilepsy Parent Form (QOLCE) 18 and the Nisonger Child Behavioral Rating Form (NCBRF), 19 respectively. Adverse events (AEs) were collected continuously throughout the study, using Common Terminology Criteria for Adverse Events (CTCAE) version 3.0. Each AE was categorized by type, severity, intervention (if indicated), outcome, and relation to everolimus treatment. By protocol, any infections were considered related to treatment in this open-label study design, consistent with earlier similar studies in TSC. 4, 11, 14, 20 EEG conducted at baseline and at the end of the initial treatment phase was not continued during the extension phase.
Statistical analysis and methodology. Statistical significance between individual time points was determined using paired t test or Wilcoxon signed rank test, depending on distribution. For repeated measures over time, one-way repeated-measures analysis of variance (RM-ANOVA) (Holm-Sidak) or RM-ANOVA on ranks (Dunnett) was used, again depending on distribution. Pearson correlation coefficient was employed to compare efficacy to everolimus dosing and trough levels. No corrections were made for missing observations during the extension phase. All statistical analysis utilized SigmaPlot 13.0 (Systat Software, San Jose, CA). To more readily align comparative analysis by month and better match clinical practice, epochs were calculated differently in the current analysis (calendar months consisting of 28-31 days each) than in the original study report (fixed length of 28 days each). 14 
Standard protocol approvals, registrations, and patient consents. Study participants were recruited from Cincinnati
Children's Hospital Medical Center (n 5 10) and Texas Children's Hospital (n 5 10). The institutional review board at each institution approved the protocol prior to initiation and annually thereafter. An independent Data Safety Monitoring Board reviewed study progress at regular intervals. Written informed consent was obtained for each participant. The clinical trial was divided into 2 phases. The study was registered at clinicaltrials. gov (NCT01070316).
Classification of evidence. This interventional study provides
Class IV evidence that prolonged everolimus treatment up to 4 years is effective for treating medically refractory epilepsy in patients with TSC. The primary research question was "Does adjunctive treatment with everolimus (target trough level 5-15 ng/mL) in patients with TSC with medically refractory epilepsy reduce seizure frequency long term?" Fourteen of 18 participants who initiated long-term treatment continued treatment to the final time point of 48 months, 93% of whom reported $50% reduction in seizures compared to baseline. Average seizure frequency at 48 months in this group was reduced by 77% (95% confidence interval 248% to 2108%; p 5 0.002).
RESULTS Twenty-three participants were enrolled, 20 of whom were eligible to begin initial treatment during the 12-week main study period. The median age at enrollment was 8.0 years (range 2.0-21.3 years), with equal distribution of male and female participants (10:10). Genetic testing had been performed in 7 participants, all of which revealed mutation in TSC2. All patients had failed multiple different antiseizure regimens prior to enrollment and nearly all were on multiple conventional antiepileptic drugs (AEDs) at time of treatment initiation (median 2 concurrent AEDs, range 1-4). Four had undergone focal epilepsy surgery resection previously; 5 had vagus nerve stimulators. During the 4-week baseline observation period, the median total number of seizures was 34.5 (range 8-297). Seizures were characterized by their clinical ictal semiology, with the knowledge that seizures in TSC are almost exclusively of partial onset, often with rapid bilateral synchrony and at times poorly localizable on scalp EEG. Clinical focal-onset seizures were the most common (69% of seizures overall). At the end of the main study phase, seizures overall were reduced by 69% compared to baseline. The largest reduction was observed with focal-onset seizures (83% reduction, 13 of 15 participants). By comparison, clinical generalized seizures were reduced by 41% (6 of 9 participants).
Twelve participants were responders ($50% reduction) and 4 participants were near-responders (25%-49% reduction) at the end of the initial treatment phase. Two additional participants qualified as near-responders for extended treatment based on seizure diaries at the time of eligibility determination, but were reclassified as nonresponders after later EEG analysis revealed that some events reported by caregivers as seizures were nonepileptic in etiology. In total, 18 participants entered the extension phase and continued treatment with everolimus (figure 1).
Entering extension, the median number of seizures (any type) per month was 7 (range 0-46). Again, focal-onset seizures were more common, present in 11 participants, whereas generalized-onset seizures were present in 7 participants, nonepileptic events in 4 participants, and 1 participant each reporting epileptic spasms and seizures that could not be classified by description as to whether onset was focal or generalized. Focal-onset seizures were most likely to be complex partial in nature, with or without secondary generalization, whereas seizures with generalized onset were most likely to be tonic in nature. Fourteen of the 18 participants (78%) entering extension completed the full 4 years of continued treatment with everolimus ( figure 1 ). Combined continuous treatment duration (main and extension phases combined) was 50.9 months (range 2.7-53.9). Three participants lost efficacy and by protocol were required to discontinue treatment during extension, at months 10, 13, and 36. Another participant withdrew consent after 40 months of treatment. Everolimus continued to reduce seizure frequency, compared to baseline, throughout the extension phase. Responders ($50% reduction in seizures) accounted for 76%, 75%, 80%, and 93% of those continuing treatment after 12, 24, 36, and 48 months, respectively. Partial responders accounted for 6%, 13%, 13%, and 0% at the same timepoints. Overall, the average number of seizures per month was reduced by 72%-81% throughout the extension phase (figure 2). Whereas no participants were able to go a whole month without seizures at baseline, several participants reported no seizures at 12 months (n 5 5), 24 months (n 5 4), 36 months (n 5 7), and 48 months (n 5 5). However, significant individual patient variability was observed over time, including occasional exacerbations in seizure frequency despite continued treatment with everolimus ( figure 3) .
As in the main study phase, target everolimus dosing aimed to achieve serum trough levels between 5 and 15 ng/mL during extension. Upon start of the extension treatment phase, the actual median daily dose was 0.34 mg/kg/d (range 0.06-1.02), resulting in a median measured trough level of 6.1 ng/ mL (range 1.5-16.1). Throughout extension, the median daily dose and corresponding serum trough levels narrowed but did not change significantly (0.47-0.56 mg/kg/d and 7.4-10.8 ng/mL, respectively). We observed a weak but statistically significant relationship between seizure frequency and everolimus dose (r 5 20.3394, p , 0.001) and everolimus trough level (r 5 20.1606, p 5 0.045).
One participant was weaned off all daily seizure medication during the extension phase and maintained seizure control exclusively with everolimus. The remainder of participants completing the extension phase continued on at least 1 conventional AED. Excluding AEDs used primarily as rescue medications (diazepam, clonazepam, midazolam, and lorazepam), the overall number of concurrent AEDs remained unchanged (median 5 2, range 0-4) in the cohort treated for the full 48 months. Individually, most participants continued on the same AEDs (n 5 7). Two participants were on the same number of AEDs but in different combination, 2 participants reduced the number of AEDs, and 3 participants increased the number of AEDs. Everolimus was most often combined with vigabatrin (n 5 5), valproic acid (n 5 5), lacosamide (n 5 4), lamotrigine (n 5 4), or clobazam (n 5 3) in participants classified as responders at the end of the 48-month treatment period.
Overall, quality of life measured by the QOLCE composite score improved an average of 14% (43.7 6 13.4 at baseline compared to 52.0 6 17.8 after 48 months). Positive changes in stigma, selfrated quality of life, attention/concentration, anxiety, language, and general health matched those identified as significant in the initial treatment period, 14 but failed to reach statistical significance due to individual variation and smaller cohort size at the end of the extension phase. Trends in behavior improvement in both positive and negative domains were also observed after 48 months of treatment, as measured by the NCBRF, but similarly did not reach statistical significance.
Consistent with earlier published reports, 11, 13 everolimus treatment for extended periods was welltolerated. A total of 574 AEs were reported during the combined main and extension treatment period (table). A total of 72.5% were considered treatmentrelated. Infections were the most common, the majority (95%) of which were commonly encountered, community-acquired infections that required no treatment or were effectively treated with a single course of antibiotic. Gastrointestinal complaints, including aphthous ulcers or stomatitis, were also 11, 13, 21 Infections were most common, and by protocol all were considered treatment-related as immune-related risks were largely unknown at the time of study initiation. Placebo-controlled studies in TSC for SEGA, angiomyolipoma, and lymphangioleiomyomatosis have since been published that reveal nearly identical infection rates in patients treated with mTORC1 inhibitors and placebo controls. 3, 5, 6 Thus most infections in the present study, including several of the precautionary hospitalizations reported as SAEs, in reality more likely reflect common, communityacquired infections such as upper respiratory infection that have been estimated to occur 4-6 times/y in children and 2-4 times/y in young adults 22 rather than everolimus exposure specifically. We found that partial seizures with or without secondary generalization were primarily responsible for everolimus treatment-related improvement in seizure Individual response to extended treatment with everolimus Change in seizure frequency compared to baseline for each participant, starting at baseline and continuing to 48 months. Shaded areas indicate the timing of treatment discontinuation for participants not completing the full 48-month treatment period.
frequency. In TSC, all primary seizure types have been reported to occur but partial seizures are predominant. 1 Infantile spasms, frequently coexisting with partial seizures, are also common during infancy. 1, 23 Due to the unclear safety profile of everolimus treatment in infants with TSC, individuals under the age of 2 years were excluded from our study. Hence, whether or not everolimus treatment at younger ages would have similar benefit, when infantile spasms are most prevalent in TSC, still needs to be determined. Recent studies have shown that earlier treatment initiation with the anticonvulsant vigabatrin for infantile spasms, even before onset of clinical seizures, may favor improved clinical outcome in TSC. 24, 25 Similarly, earlier initiation of everolimus in TSC could be of greater benefit than waiting until clinical seizures emerge and epileptogenic processes have progressed to the point of irreversibility and intractability. Potential age-dependent effects also might explain why when everolimus was evaluated in 117 patients aged 0-65 years for the treatment of SEGA, no seizure benefit could be detected, 3 but in a subanalysis of participants under 3 years of age, seizure prevention (3/8) or reduction in seizure frequency .50% (3/8) was reported in the majority of participants. 12 Traditional AEDs work by binding to transmembrane proteins in neurons or glia to facilitate or inhibit the flow of ions through transmembrane channels or to act upon receptors that have secondary metabolic effects on the synapse and thereby reduce neuronal excitability. 26, 27 In contrast, mTORC1 inhibitors such as everolimus have no such direct effects. mTORC1 inhibitors inactivate mTORC1 by displacing its cofactor Raptor from its binding site, 28 resulting in inhibition of protein translation mediated by 4EBP1 and S6 kinase. Everolimus treatment would hope to improve CNS anatomic and functional abnormalities in TSC, but the exact mechanism or mechanisms through which these lead to seizure reduction in TSC requires continued investigation. Alteration in neuronal excitability, structural reorganization of synaptic junctions, changes in the extracellular microenvironment, large network connectivity changes, myelination, inflammation, and metabolism-all of which are important to normal CNS maturation and function and dependent on normal regulation of the mTORC1 pathway-could be involved. 29 mTORC1 activation is not exclusive to epilepsy associated with TSC. Genes responsible for regulation of mTORC1 have been identified in epileptic patients with isolated focal cortical dysplasia IIb, 30, 31 hemimegencephaly, 32 and syndromic epilepsies caused by DEPDEC5, 32, 33 PTEN, 34 and STRADA. 35 Loss of mTORC1 regulation has been identified in animal models of acquired epilepsies, including temporal lobe epilepsy and posttraumatic epilepsy, which are responsive to sirolimus treatment. 36, 37 Human patients with early-onset intractable epilepsy caused by STRADA mutation demonstrate marked reduction in seizure frequency when treated with sirolimus. 35 Thus targeting the mTOR pathway with mTORC1 inhibitors such as everolimus may have application well beyond epilepsy associated solely with TSC.
The primary limitations of our study are the small study size and open-label design. As the first study of its kind when initiated in 2010, safety concerns and funding limitations prevented a larger, more robust clinical trial design. We were able to demonstrate long-term safety and overall seizure benefit prospectively over 4 years of treatment. The small sample size prevents us from assessing potential independent contributors to treatment response, including age, prior epilepsy treatments and clinical features, and individual concurrent anticonvulsant medication combinations. We similarly are unable to determine if improvements in neurobehavior or quality of life are the direct result of improved seizure control or an independent effect of mTORC1 inhibition unrelated to epilepsy.
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